Tailoring the structural and electronic properties of graphene-like ZnS
  monolayer using biaxial strain by Behera, Harihar & Mukhopadhyay, Gautam
ar
X
iv
:1
30
5.
68
95
v2
  [
co
nd
-m
at.
me
s-h
all
]  
24
 Ja
n 2
01
4
Tailoring the structural and electronic properties of graphene-like
ZnS monolayer using biaxial strain
Harihar Behera1,2,a and Gautam Mukhopadhyay2,b
1 School of Technology, The Glocal University, Delhi-Yamunotri Marg (SH-57), Mirzapur Pole,
Dist.-Saharanpur, U.P. - 247001, India
2 Department of Physics, Indian Institute of Technology, Powai, Mumbai-400076, India
a E-mail: harihar@phy.iitb.ac.in; behera.hh@gmail.com
b Corresponding author’s E-mail: gmukh@phy.iitb.ac.in; g.mukhopa@gmail.com
Abstract
Our First-principles Full-Potential Density Functional Theory (DFT) calculations show that
a monolayer of ZnS (ML-ZnS), which is predicted to adopt a graphene-like planar honeycomb
structure with a direct band gap, undergoes strain-induced modifications in its structure and
band gap when subjected to in-plane homogeneous biaxial strain (δ). ML-ZnS gets buckled for
compressive strain greater than 0.92%; the buckling parameter ∆ (= 0.00 A˚ for planar ML-ZnS)
linearly increases with increasing compressive strain (∆ = 0.435 A˚ at δ = −5.25%). A tensile strain
of 2.91% turns the direct band gap of ML-ZnS into indirect. Within our considered strain values
of |δ| < 6%, the band gap shows linearly decreasing (non-linearly increasing as well as decreasing)
variation with tensile (compressive) strain. These predictions may be exploited in future for
potential applications in strain sensors and other nano-devices such as the nano-electromechanical
systems (NEMS).
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1 Introduction
The study of 2D crystals is an emerging field
of research inspired by the recent phenomenal
growth in the research on graphene (a one atom-
thick nanocrystal of carbon atoms tightly-bound
by the sp2-hybridized bonds in a 2D hexagonal
lattice) which promises many novel applications
[1–3]. Representative samples of some 2D/quasi-
2D nanocrystals that have been synthesized re-
cently include BN [1–3], MoS2 [1–3], MoSe2
[1–3], Bi2Te3 [1–3], Si [4], ZnO [5]. In 2006,
using density functional theory (DFT) calcula-
tions, Freeman et al. [6] predicted that when the
layer number of (0001)-oriented wurtzite (WZ)
materials (e.g., AlN, BeO, GaN, SiC, ZnO and
ZnS) is small, the WZ structures transform into
a new form of stable hexagonal BN-like struc-
ture. In 2007, this prediction was experimentally
confirmed in respect of ZnO [5] whose stability is
attributed to the strong in-plane sp2-hybridized
bonds between Zn and O atoms. ZnS and ZnO
have similar atomic structures and comparable
chemical properties [7, 8]. ZnS is a direct band
gap (Eg = 3.72 eV in normal cubic zinc blend
phase and Eg = 3.77 eV in hexagonal wurtzite
phase) semiconductor which promises a vari-
ety of novel applications as light-emitting diodes
(LEDs), electroluminescence, flat panel displays,
infrared windows, photonics, lasers, sensors, and
bio-devices etc. [7, 8]. Further, due to its larger
band gap than that of ZnO (Eg= 3.4 eV),
ZnS is more suitable for visible-blind ultraviolet
(UV)-light sensors/photodetectors than ZnO [5].
ZnS nanostructures in the form of nanoclusters,
nanosheets, nanowires, nanotubes and nanobelts
are currently being intensely studied both ex-
perimentally and theoretically [7, 8]. However,
the study of a monolayer graphene (MLG) ana-
logue of ZnS (ML-ZnS) is rare [9], wherein the
authors use the plane wave and projected aug-
mented wave-methods for their calculations and
the main result is that a highly reconstructed
surface with its energy 0.08 eV/ZnS lower than
that of a perfectly planar structure is the most
stable structure of ML-ZnS. Here, we report our
DFT calculations on the effect of hexagonal sym-
metry preserving homogeneous biaxial strain on
the structural and electronic properties of ML-
ZnS. Our study simulates an ideal experimental
situation in which ML-ZnS is supported on a flat
stretchable substrate. The main advances of our
study include
i. the establishment of the graphene-like pla-
nar stable structure of ML-ZnS (see Figure
1) based on all electron full-potential DFT
calculations (which is different from the re-
sult of [9] based on mechanical annealing fol-
lowed by microcanonical molecular dynam-
ics with classical interatomic potentials);
ii. the determination of the minimum strain
beyond which the flat structure would ac-
quire a buckled structure characterized by a
parameter called bucking parameter ∆ (see
the caption of Figure 1 for an explanation
∆);
iii. the prediction of a linear variation of ∆ with
the in-plane lattice parameter a (or strain)
within certain range of a values;
iv. the calculation of the 2D bulk modulus of
ML-ZnS and its comparison with that of
graphene and ML-BN;
v. the prediction of a direct-to-indirect gap-
phase transition at certain tensile strain
value within the interval (2.777%, 2.908%);
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vi. the prediction of the nature of variation (lin-
ear or non-linear) of band-gap with equi-
biaxial strain.
To our knowledge the above items (i-vi) are new
results, which are based on the all electron full-
potential DFT calculations with two atoms per
unit cell.
Figure 1: Buckling probe of planar (PL) ML-
ZnS based on the energy minimization procedure
with two atoms (one Zn and one S atom) per
unit cell. Insets show the ball-stick model for
(a) the side view of buckled (BL) ML-ZnS, (b)
the side view of planar ML-ZnS and (c) the top-
down view of both PL and BL ML-ZnS. In BL
ML-ZnS, Zn atoms (large balls, red) and S atoms
(small balls, green) are in two different parallel
planes; buckling parameter is the perpendicu-
lar distance between those parallel planes and
∆ = 0.00A˚ for PL ML-ZnS. ∆0 is the value
of ∆ corresponding to the minimum energy at
a0 = 3.7995 A˚ and Eref is a constant value of
energy (-2191.48 Ry/atom) subtracted from the
total energy E simply to avoid the multi-digit
numbers appearing on the Y-axis.
2 Computational Methods
The calculations have been performed by us-
ing the DFT based full-potential (linearized)
augmented plane wave plus local orbital (FP-
(L)APW+lo) method [10] as implemented in the
elk-code [11]. We use the Perdew-Zunger vari-
ant of LDA [12], the accuracy of which has
been successfully tested in our previous stud-
ies [13–21] of graphene and some graphene-like
2D crystals. For instance, our LDA value of
the Fermi velocity in graphene, viz., 8.327 ×
105 m/s [21], matches well with that calcu-
lated using the WIEN2k code, viz., 8.2 × 105
m/s (LAPW+LDA) [22] and 8.33 × 105 m/s
(LAPW+GGA) [23]. For plane-wave expan-
sion in the interstitial region, we have chosen
|G + k|max × Rmt = 8 (Rmt is the smallest
muffin-tin radius in the unit cell) for deciding the
plane-wave cut-off. The Monkhorst-Pack [24] k-
point grid size of 20×20×1 was chosen for struc-
tural and of 30 × 30 × 1 for band structure and
density of states (DOS) calculations. The total
energy was converged within 2µeV/atom. We
simulate the 2D-hexagonal structure of ML-ZnS
as a 3D-hexagonal supercell with a large value
of c-parameter (= |c| = 40 a.u.) and with two
atoms per unit supercell. The application of ho-
mogeneous in-plane biaxial strain δ < 6% was
simulated by varying the in-plane lattice param-
eter a (= |a| = |b|); δ = [(a − a0)/a0] × 100%,
where a0 is the ground state in-plane lattice con-
stant. For structure optimization, we have con-
sidered two structures of ML-ZnS as depicted in
the insets of figure 1: (a) Buckled (BL) struc-
ture side view, (b) Planar (PL) structure side
view and (c) top-down views of both PL and BL
ML-ZnS in ball-stick model.
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Figure 2: Buckling probe of ML-ZnS at a = 3.60
A˚. ∆0 is the value of ∆ corresponding to the min-
imum energy at a = 3.60 A˚ and Eref is a con-
stant value of energy (-2191.47 Ry/atom) sub-
tracted from the total energy E simply to avoid
the multi-digit numbers appearing on the Y-axis.
Figure 3: Variation of buckling parameter of
ML-ZnS with in-plane lattice parameter.
3 Results and Discussions
For an assumed flat ML-ZnS, our calculated
LDA value of a0 = 3.7995 A˚, corresponding to
the Zn-S bond length dZnS = a0/
√
3 = 2.194
A˚, is in agreement with theoretical GGA value of
dZnS = 2.246 A˚ for ZnS flat single sheet [9] con-
sidering the fact that GGA usually overestimates
the lattice constant. Our assumption on the flat
ML-ZnS structure was tested as correct by the
results depicted in Figure 1 calculated using the
principle of minimum energy for the stable struc-
ture. This prediction of a graphene-like flat sta-
ble structure for ML-ZnS differs from that of ref.
[9] which reported that a highly reconstructed
surface rather than a flat surface is the most sta-
ble structure for ML-ZnS and we attribute this
difference of results to our different method of
study. Having established the graphene-like pla-
nar structure of unstrained ML-ZnS, we investi-
gated effect of homogeneous biaxial strain (both
compressive and tensile strains) on the structure
of ML-ZnS by calculating the buckling parame-
ter at different values of a > a0 and a < a0 fol-
lowing the energy minimization procedure (but,
now allowing for buckling) as in Figure 2. As
expected, we found no buckling in ML-ZnS for
tensile strains. However, for compressive strain
beyond certain limit, buckling was found in ML-
ZnS and at compressive strain of 5.25% (corre-
sponding to a = 3.60 A˚) the buckling parameter
was estimated at ∆(a = 3.60) ≈ 0.435 A˚ (Figure
2). Our calculated values of buckling parameters
at four different values of a (= 3.60 A˚, 3.64 A˚,
3.68 A˚, 3.76 A˚) are plotted in Figure 3, which
shows a linear variation of ∆ with a (for 3.60
A˚≤ a ≤3.7645 A˚):
∆(a) = 10.09126 − 2.68065 × a (1)
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Figure 4: Bands and total density of states
(TDOS) of unstrained ML-ZnS within LDA.
Fermi energy EF is set at 0.00 eV.
where both ∆ and a are in A˚. This equation
gives us ∆ = 0.00A˚ for a = 3.7645 A˚. Thus, for
a < 3.7645A˚ or for compressive strain greater
than 0.92%, ML-ZnS adopts a buckled structure.
Eq. (1) may be used to calculate the buckling
parameter corresponding to a particular value
of a within the interval (3.60 A˚, 3.76 A˚). For
instance, using Eq.(1) we get ∆ = 0.1192 A˚ for
a = 3.72 A˚ and we have used this value of ∆ for
the band structure calculation of BL ML-ZnS
at a = 3.72 A˚.
The calculated 2D bulk modulus for the pla-
nar ML-ZnS, B2D(PL) = A
(
∂2E/∂A2
)
Amin
=
53.94 N/m (A is the area of the periodic cell of
the 2D lattice and Amin is the area with min-
imum energy) is smaller than the correspond-
ing calculated values of planar graphene (214.41
N/m) and planar ML-BN (181.91 N/m) [25], re-
flecting the weaker bonds in planar ML-ZnS than
those in planar graphene and planar ML-BN.
This clearly means that planar ML-ZnS would
be useful in applications requiring materials with
less tougher behavior than planar graphene and
planar ML-BN. Further since experimentally it
is observed [26] that graphene can sustain elas-
tic tensile strain in excess of 20%, ML-ZnS (with
Figure 5: Variation of LDA value of band gap Eg
with in-plane lattice parameter a of ML-ZnS in
both planar (PL) and optimized buckled (BL)
structure. The right Y-axis shows the relative
variation δEg(%) of Eg (with respect to the un-
strained value of Eg(0) = 2.622 eV) with in-plane
homogeneous biaxial strain δ(%) shown in the
upper X-axis.
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its 2D bulk modulus value at about one fourth
of the corresponding value for graphene) is ex-
pected to sustain elastic strain about 5% without
breaking.
The band structure and total DOS (TDOS) plot
(figure 4) show that the unstrained ML-ZnS is a
direct band gap (Eg = 2.622 eV, LDA value)
semiconductor with both valence band maxi-
mum (VBM) and conduction band minimum
(CBM) located at the Γ point of the hexagonal
Brillouin Zone (BZ). However, the actual band
gap is expected to be larger since LDA under-
estimates the gap. Our calculated LDA band
gap of 2.622 eV is larger than the reported GGA
value of Eg = 2.07 eV for ZnS single sheet [9].
For the purpose of comparison with ML-ZnO,
we would like to note that the band gap of ML-
ZnS is larger than the reported GGA value [27]
of Eg = 1.68 eV for ML-ZnO, which is iden-
tical with our calculated LDA value for ML-
ZnO [17]. This clearly suggests that ML-ZnS
will be useful in device applications where ma-
terials with higher band gap than that of ML-
ZnO is required. It is to be noted that both
LDA and GGA are powerful methods to pre-
dict a correct trend in variation of the band
gap [28–31], although both of them do not yield
the correct band gap. Since we are interested in
the trend as well as the relative variation in Eg
with strain, rather than its absolute value, we
employed the computationally simpler and less
time-consuming LDA for our present study.
The nature of variation of our calculated LDA
value of band gap Eg with in-plane lattice pa-
rameter a is depicted in Figure 5 for both PL
and optimized BL structure of ML-ZnS; the right
Y-axis shows the relative change δEg (%) in Eg
(which is expected to be less sensitive to the well
known under-estimation of Eg due the methods
such as the LDA or GGA):
δEg = [(Eg(δ)− Eg(0)) /Eg(0)] × 100% (2)
(with respect to the unstrained value Eg(0) =
2.662 eV) with in-plane homogeneous biaxial
strain δ = [(a − a0)/a0] × 100% shown in the
upper X-axis. As seen in Figure 5, a transi-
tion point from direct-to-indirect gap-phase ex-
ists for an ‘a’ value lying in the interval (3.905 A˚,
3.910 A˚) which corresponds to the a tensile strain
value lying in the interval (2.777%, 2.908%). We
would like to note that in the indirect gap-phase
VBM is at the K and CBM is at the Γ point
of the BZ. In the range of tensile strain consid-
ered here in Figure 5, band gap decreases linearly
with strain, although the rate of decrease in the
indirect gap-phase is slightly more than in the
direct gap-phase. In the compressive strain re-
gion of Figure 5, band gap variation with strain
is non-linear with no change in gap-phase. For
compressive strain values up to about 3%, band
gap increases non-linearly with strain for the op-
timized BL structure; band gap becomes 10%
more than its unstrained value at compressive
strain of 3%. However, beyond 3% compres-
sive strain, band gap shows a non-linear decrease
with strain. As seen in compressive strain do-
main of Figure 5, our hypothetical PL structure
of ML-ZnS (which is not correct beyond 0.92%
compressive strain) has larger band gap than the
optimized BL structure of ML-ZnS.
4 Conclusion
In conclusion, using full-potential ab initio DFT
calculations we have investigated the effect of in-
plane homogeneous biaxial strain on the struc-
tural and electronic properties of ML-ZnS which
is predicted to adopt a planar graphene-like hon-
5
eycomb structure. We found that small com-
pressive in-plane homogeneous biaxial strain in
excess of 0.92% could make ML-ZnS buckled;
at compressive strain of 5.25% buckling pa-
rameter as large as 0.435 A˚ was calculated.
Within compressive strain of 5.25%, buckling
parameter was found to vary linearly with in-
plane homogeneous biaxial strain. The direct
band gap of ML-ZnS was found to be signifi-
cantly tunable by strain-engineering. A transi-
tion point from direct-to-indirect gap-phase was
predicted to exist for a tensile strain value lying
within the interval (2.777%, 2.908%). Within
our consideration of strains less than 6%, the
band gap decreases linearly with tensile strain
in both gap-phases although the rate of de-
crease is a little more in the indirect gap-phase;
band gap varies non-linearly (first increases and
then decreases) with compressive strain with
no change in the nature of the direct band-
gap. Thus, our study predicts some interest-
ing strain-engineered structural and band-gap
change of ML-ZnS. We hope, with the advance-
ment of fabrication techniques, these predictions
are testable in near future for potential appli-
cations in a variety of novel nano-devices such
as strain sensors, mechatronics/straintronics,
NEMS and NOMS.
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